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ABSTRACT 

The effects of 115 keV e l e c t r o n  i r r a d i a t i o n  on t h e  s h o r t  c i r c u i t  c u r r e n t  Is, 
produced i n  s i l i c o n  p h o t o v o l t a i c  cells  by s t r o n g l y  absorbed l i g h t  (a - 105crn-1) 
h a s  been s t u d i e d  i n  t h e  organic-vapor f ree  vacua provided by a Vac-Ion pumping 
system. I t  is shown t h a t  t h e  behavior of I,, (and by i n f e r e n c e ,  of s u r f a c e  
recombination v e l o c i t y )  is  a func t ion  of t h e  r e s i s t i v i t y  of t h e  bulk material whose 
surface i s  be ing  i r r a d i a t e d .  
and 1, 20 and 50 ohm-cm n-Si. 
vacuum of 10-8 mm Hg by about 1015 electrons/cm* l e a d s  t o  a s u r f a c e  which i s  s t a b l e  
f o r  l o n g  p e r i o d s  (about  20 hours)  of t i m e  i n  c o n t r a s t  t o  t h e  s i t u a t i o n  a s s o c i a t e d  
wi th  i r r a d i a t i o n  i n  organic-vapor contaminated ambients where changes i n  
t o  occur  as soon as t h e  e l e c t r o n  beam is i n t e r r u p t e d .  

The r e s i s t i v i t i e s  i n v e s t i g a t e d  i n c l u d e  20 ohm-cm p-Si 
I t  i s  shown t h a t  i r r a d i a t i o n  i n  an organic-vapor f ree  

Isc begin 
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I. I n t r o d u c t i o n  

In  ear l ier  r e p o r t s ( 1 )  w e  discussed t h e  concepts  unde r ly ing  t h e  experimental  
t echn ique  which w e  have adopted t o  s tudy how i r r a d i a t i o n  by e l e c t r o n s  whose energy 
is t o o  low t o  cause bulk d e f e c t s  a f f e c t s  t h e  s u r f a c e  recombination v e l o c i t y  o f  
germanium and s i l i c o n .  
s h o r t  c i r cu i t  c u r r e n t  o f  a pho tovo l t a i c  c e l l  i l l u m i n a t e d  by s t r o n g l y  absorbed 
l i g h t .  It can be shown t h a t  Isc-l is a l inear  f u n c t i o n  of s u r f a c e  recombination 
v e l o c i t y  s i n  t h e  case of e x c i t a t i o n  by such s t r o n g l y  absorbed l i g h t ,  so t h a t  one 
can relate changes i n  Isc t o  changes i n  s .  However, as has  been po in ted  o u t ,  
t h e  t echn ique  s u f f e r s  from t h e  disadvantage t h a t  one cannot measure a b s o l u t e  v a l u e s  
of s; on ly  changes can  be measured, ’ 

The experiment i nvo lves  measurement of t h e  changes i n  t h e  
ISc 

Most of o u r  e a r l i e r  experiments were performed i n  t h e  vacuum produced by t h e  
d i f f u s i o n  pumps and co ld  t r a p s  of t h e  Van de  Graaff machine and t h e r e  was always 
t h e  p o s s i b i l i t y  t h a t  t h e  r e s i d u a l  organic  vapors  i n  t h i s  vacuum played a role i n  
t h e  behav io r  o f  Is, du r ing  t h e  cour se  o f  i r r a d i a t i o n .  Some of o u r  ea r l i e r  ex- 
pe r imen t s  were t h e r e f o r e  performed i n  t h e  vacuum produced by a Vac-Ion pump. How- 
e v e r ,  t h e  vacuum chamber i n  which those  experiments took p l a c e  was f i t t e d  wi th  
Neoprene g a s k e t s  and t h e  p o s s i b i l i t y  t h a t  r e s i d u a l  o r g a n i c  vapors  might c o n t r i b u t e  
t o  t h e  effects  was s t i l l  open. 
comparison of t h e  behavior  of 
d i f f e r e n t  systems d i d  no t  r e s u l t  i n  any s t r i k i n g  d i f f e r e n c e s  o f  behav io r ,  w e  s t i l l  
had r e s e r v a t i o n s  concerning whether we had i n  fact  e l i m i n a t e d  o rgan ic  vapors  from 
t h e  chamber used with t h e  Vac-Ion pump. A l l  i r r a d i a t i o n  o f  S i  cells  r e p o r t e d  t o  
d a t e  had been performed i n  t h e  Van de Graaff vacuum and w e  r e s e r v e d  any d e c i s i o n s  
concerning effects of o rgan ic  vapors  u n t i l  experiments  could be performed i n  a 
vacuum system from which o r g a n i c  contaminants had been completely excluded. 
t h e  purpose of t h i s  r e p o r t  t o  d e s c r i b e  t h e  effects  o f  sub-threshold e l e c t r o n  ir- 
r a d i a t i o n  on s u r f a c e s  of s i n g l e  c r y s t a l s  of both n- and p-Si of a few d i f f e r e n t  
r e s i s t i v i t i e s  for  t h e  case of t h e  s u r f a c e s  i n  c o n t a c t  w i th  an  organic-vapor  
f ree  ambient and for  t h e  case o f  t h e  S i  
vapor  c o n t a i n i n g  vacuum of t h e  Van de Graaff machine. 
s u b s t a n t i a l  d i f f e r e n c e s  i n  t h e  behavior o f  t h e  s u r f a c e s  i n  t h e s e  two s i t u a t i o n s .  

Consequently, even though experiments i nvo lv ing  a 
Ge pho tovo l t a i c  ce l l s  i r r a d i a t e d  i n  t h e s e  two 

I t  is 

S i  
s u r f a c e s  i n  c o n t a c t  w i th  t h e  o rgan ic -  

As w e  s h a l l  show, there  are 

11. D e s c r i p t i o n  o f  t h e  Samples 

The cel ls  used i n  t h e s e  experiments were t h e  same ones used i n  t h e  experiments  
d e s c r i b e d  i n  o u r  l a s t  i n t e r i m  r e p o r t .  
a p p r o p r i a t e  impur i ty  (boron i n t o  n-Si and phosphorus i n t o  p-Si)  i n t o  wafers of 
v a r i o u s  i n i t i a l  r e s i s t i v i t i e s .  
been i n v e s t i g a t e d ,  namely, 20 ohm-cm p-Si and 1 ohm-cm, 20 ohm-cm and 50 ohm-cm 
n-Si .  The s u r f a c e  s t u d i e d  i n  t h e s e  experiments w a s  t h a t  o p p o s i t e  t h e  d i f f u s e d  
face. A s  desc r ibed  i n  o u r  Third Semiannual Report ,  t h e  d i s t a n c e  between t h e  ir- 
r a d i a t e d  surface and t h e  p-n junc t ion  was less t h a n  a d i f f u s i o n  l e n g t h  which 
gua ran teed  t h a t  t h e  i n v e r s e  r e l a t i o n  between Isc and s would be s a t i s f i e d .  

They had been f a b r i c a t e d  by d i f f u s i n g  an  

To  da te ,  f o u r  d i f f e r e n t  base  r e s i s t i v i t i e s  have 
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The samples were mounted on A1203 wafers wi th  GE cement. The A1203 
wafers were a t t a c h e d  t o  t h e  copper cold f i n g e r  of t h e  sample mount. The  A1203 
provided e l e c t r i c a l  i s o l a t i o n  from, and thermal  c o n t a c t  w i th  t h e  copper c o l d  
f i n g e r ,  so t h a t  amount of e l e c t r o n s  i n c i d e n t  on t h e  sample could be e s t a b l i s h e d  
by measuring t h e  c u r r e n t  absorbed i n  t h e  samples. 

111. Desc r ip t ion  of t h e  Apparatus 

F igu re  1 is a schematic  r e p r e s e n t a t i o n  of t h e  a p p a r a t u s  used t o  p rov ide  t h e  

One of t h e s e  
organic-vapour free vacuum. The main body o f  t h e  i r r a d i a t i o n  chamber is g l a s s .  . 

There a re  t h r e e  g l a s s -me ta l  seals, two of copper and one of Kovar. 
seals  ( t h e  one invo lv ing  Kovar) l e a d s  t o  a f i t t i n g  which matches t h e  4" ou tpu t  
f l a n g e  of a 75 l / sec  Vac-Ion pump. 
t o  t h e  pump v i a  t h i s  f l a n g e .  
(.0001") window o v e r  a 1" d i a  ho le .  
p r o v i d e s  i s o l a t i o n  between t h e  vacuum system produced by t h e  Van de  Graaff machine 
and t h a t  produced by t h e  Vac-Ion pump. 
a c c e l e r a t e d  by t h e  Van de  Graaff i n t o  t h e  i r r a d i a t i o n  chamber. 
which s e r v e s  as a mount for  t h e  
i r r a d i a t i o n  chamber t o  t h e  Van de Graaff v i a  t h e  Veeco "quick" vacuum coup le r  as 
shown i n  t h e  diagram. 

A copper  gaske t  seals t h e  i r r a d i a t i o n  chamber 
A second sea l  p rov ides  a p l a c e  t o  mount a t h i n  

The window is  so lde red  i n  p l a c e  and it 
N i  

I n  a d d i t i o n ,  t h e  window admi t s  e l e c t r o n s  
The copper s l e e v e  

N i  window also p rov ides  a means for  coupl ing t h e  

The t h i r d  g l a s s  t o  copper s e a l  ( n o t  v i s i b l e  i n  F igu re  1) prov ides  a means f o r  
i n t r o d u c i n g  t h e  dewar(on whose copper c o l d  f i n g e r  t h e  samples are mounted)into t h e  
system. 
t o g e t h e r .  
chamber. 

The dewar is f i t t e d  with a mating copper s l e e v e  and t h e  two are so lde red  
Thus w e  have e l imina ted  a l l  p o s s i b l e  s o u r c e s  o f  o r g a n i c  vapours from t h e  

The s e a l s  were e i t h e r  copper g a s k e t s  o r  so lde red  j o i n t s .  

The chamber was a l s o  f i t t e d  with a pyrex g l a s s  window through which l i g h t  
cou ld  be d i r e c t e d  o n t o  t h e  sample. 
r e q u i r e d  wires i n t o  t h e  system f o r  thermocouples and sample l e a d s .  

There are  a lso Kovar f i t t i n g  f o r  admi t t i ng  t h e  

IV. Experimental  Procedure 

Before t h e y  were s e a l e d  i n t o  t h e  new i r r a d i a t i o n  chamber, t h e  s u r f a c e  o f  t h e  
c e l l  which was going t o  be i r r a d i a t e d  was washed s u c c e s s i v e l y  i n  ace tone  and 
methanol.  The Sorp t ion  Pumps were turned on and t h e  i r r a d i a t i o n  chamber was 
hea ted  t o  100°C by h e a t i n g  t a p e s .  This  temperature  was maintained even a f t e r  t h e  
Vac-Ion pump was t u r n e d  on u n t i l  t h e  p r e s s u r e  had dropped t o  t h e  woi-king l e v e l  o f  
abou t  lo -*  mm Hg. 
e l e v a t e d  t empera tu re  for  a t  least  a few hours .  

Thus t h e  whole system inc lud ing  t h e  samples was kep t  a t  t h i s  

The cells were i l l u m i n a t e d  by the  36501 l i n e  s e l e c t e d  from t h e  ou tpu t  of a 
Hg lamp wi th  t h e  h e l p  of a Kodak 18A f i l t e r .  The a b s o r p t i o n  c o n s t a n t  u f o r  
t h i s  l i g h t  is about  2 x 105 c m - l ,  i . e .  t h e  l i g h t  is absorbed w i t h i n  0.0511 
s u r f a c e  and t h e  r e s u l t i n g  s h o r t  c i r c u i t  c u r r e n t  is extremely s e n s i t i v e  t o  t h e  
e l e c t r o n i c  p r o p e r t i e s  o f  t h e  s u r f a c e .  
made w i t h  c o n s t a n t  i l l u m i n a t i o n ,  i . e . ,  t h e  l i g h t  was no t  modulated. 

of t h e  

A l l  t h e  measurements r e p o r t e d  he re  were 
The l i g h t  
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i n t e n s i t y  was monitored by a s i l i c o n  p h o t o v o l t a i c  cel l  e x t e r n a l  t o  t h e  i r r a d i a t i o n  
chamber i n  o r d e r  t o  assure t h a t  it did n o t  change d u r i n g  t h e  experiment.  
resistance o f  100R was connected a c r o s s  t h e  sample and t h e  s i g n a l  was, t h e r e f o r e ,  

A l o a d  

p r o p o r t i o n a l  t o  t h e  s h o r t  c i r c u i t  cur ren t  Isc. 
we have chosen t o  p l o t  VSC, t h e  vo l t age  across 
t h e  magnitude of VSc l ay  between 0 .1  and 3.0 
p r o p o r t i o n a l  t o  Isc. 

The t empera tu re  o f  t h e  cel ls  was monitored 
a t  2OoC -I 0.5OC a t  a l l  times. Thus n e i t h e r  t h e  
power t o  t h e  sample was s u f f i c i e n t  t o  cause  any 
t h e  p o s s i b i l i t y  o f  temperature  effects need n o t  

- I n  o u r  p r e s e n t a t i o n  o f  t h e  d a t a , .  
t h e  l O O R  series r e s i s t o r .  S ince  
m V ,  Vsc was always d i r e c t l y  

du r ing  i r r a d i a t i o n .  It remained 
e l e c t r o n  beam power no r  o p t i c a l  
t empera tu re  r ise .  Consequently,  
be cons ide red  f u r t h e r .  

The c u r r e n t  r ece ived  by t h e  sample which was i n s u l a t e d  e l e c t r i c a l l y  by t h e  

No c o r r e c t i o n s  f o r  r e f l e c t i o n  or t r ansmiss ion  l o s s e s  
A1203 
was measured i n  t h i s  way. 
have been made. The beam c u r r e n t  IB v a r i e d  between 0.05 and 0.3pA/cm2. 

was f e d  t o  an E l c o r  Current  i n t e g r a t o r  and t h e  i n t e g r a t e d  f l u x  t o  t h e  sample 

The experiments  proceeded as fol lows.  The sample was exposed t o  t h e  36508 
Is, had l i g h t  for a p e r i o d  of one hour u n t i l  it was e v i d e n t  t h a t  t h e  va lue  o f  

s t a b i l i z e d .  
of SOU c o u l ,  t h e  e l e c t r o n  beam was i n t e r r u p t e d  by a s o l e n o i d  ope ra t ed  s h u t t e r  
and t h e  new va lue  of ISC was determined i n  t h e  course of a minute or t w o .  The 
i r r a d i a t i o n  was then  resumed for  ano the r  SOU c o u l ,  etc. After t h e  sample had 
accumulated an i n t e g r a t e d  f l u x  of 1 0 0 0 ~  c o u l ,  t h e  r a d i a t i o n  was stopped. The 
sample was allowed t o  rest f o r  a per iod of about 20 hour s  and t h e  i r r a d i a t i o n  was 
resumed according t h e  t h e  p a t t e r n  desc r ibed  above. 

The Van de Graaff was then t u r n e d  on and a f te r  an i n t e g r a t e d  f l u x  

Next t h e  Vac-Ion pump was turned o f f  and an amount of d r y  n i t r o g e n  s u f f i c i e n t  
t o  i n c r e a s e  t h e  p r e s s u r e  t o  about 10-3 mm Hg 
chamber. 

was admi t t ed  i n t o  t h e  i r r a d i a t i o n  

The va lue  o f  Isc was followed d u r i n g  t h e  p e r i o d  when t h e  p r e s s u r e  was 
i n c r e a s i n g .  
ambient (which o f  cour se  was a l s o  organic-vapour f ree) .  
was l i k e  t h a t  o u t l i n e d  above. After d e l i v e r y  of about  1 0 0 0 ~  c o u l  t o  t h e  sample, 
it was a g a i n  allowed t o  rest  f o r  about 20 hours  and t h e  i r r a d i a t i o n  was r e p e a t e d .  

Then t h e  sample was sub jec t ed  t o  i r r a d i a t i o n  i n  t h i s  10-3 d r y  N2 
The i r r a d i a t i o n  procedure 

F i n a l l y  t h e  sample was removed from t h e  chamber a t t a c h e d  t o  t h e  Vac-Ion pump 

Once 
and remounted i n  t h e  chamber used f o r  i r r a d i a t i o n s  i n  t h e  Van de  Graaff vacuum. 
Before mounting, t h e  sample was washed with ace tone  and t h e n  wi th  methanol. 
t h e  base p r e s s u r e  o f  about 10-5 mm Hg 
i r r a d i a t i o n  proceeded as d e s c r i b e d  f o r  t h e  o t h e r  vacuum c o n d i t i o n s .  

had been achieved i n  t h i s  system, t h e  sample 

V. Experimental  Resu l t s  

In  g e n e r a l ,  t h e r e  were s u b s t a n t i a l  d i f f e r e n c e s  between t h e  changes induced 
i n  t h e  cour se  of t h e  first i r r a d i a t i o n  o f  a f r e s h l y  c l eaned  s u r f a c e  and t h e  r e s u l t s  
of subsequent  i r r a d i a t i o n s .  Consequently t h e  d a t a  is p l o t t e d  i n  such a way as t o  
d i s p l a y  t h e  r e su l t s  o f  t h e  first i r r a d i a t i o n  and of t h e  second and subsequent ir- 
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as t h e  second one. 

These subsequent i r r a d i a t i o n s  produced e s s e n t i a l l y  t h e  same r e s u l t s  
I n  a l l  cases t h e  e l e c t r o n  energy was 115 keV. 

F igu re  2 shows t h e  dependence of V s C  f o r  t h e  s u r f a c e  of p-Si ,  p = 20Q c m  
i n  t h e  Vac-Ion pump p r e s s u r e  of 10-8 mm Hg. The first i r r a d i a t i o n  produced an 
increase by a f a c t o r  g r e a t e r  t h a n  2 i n  Vsc (caused by a d e c r e a s e  i n  s by a 
similar f a c t o r )  followed by s a t u r a t i o n  af ter  about  500u c o u l .  The sample r e s t e d  
for  about  20 hour s  after which t i m e  curve b was recorded.  Note t h a t  t h e r e  was 
v e r y  l i t t l e  change i n  Vsc du r ing  t h e  20 hour p e r i o d  between i r r a d i a t i o n s .  F u r t h e r  
n o t e  t h a t  resumption o f  i r r a d i a t i o n  r e tu rned  
i n i t i a l  va lue .  

Vsc t o  a v a l u e  n e a r l y  e q u a l  t o  i ts  

A t  t h i s  p o i n t  d r y  N2 was admitted t o  t h e  system u n t i l  t h e  p r e s s u r e  reached 
5 x F i r s t  of a l l ,  
note t h a t  t h e  i n c r e a s e  i n  N 2  p r e s s u r e  l e d  t o  a d e c r e a s e  i n  Vsc. I r r a d i a t i o n  
by t h e  115 keV e l e c t r o n s  d i d  n o t  produce changes as g r e a t  as t h o s e  fo l lowing  ir- 
r a d i a t i o n  i n  t h e  10-8 mm Hg ambient. 

mm Hg. The cu rves  shown i n  F igu re  3 were t h e n  ob ta ined .  

F igu re  4 shows t h e  r e su l t s  o f  i r r a d i a t i n g  t h i s  same 20 ohm-cm 
i n  t h e  10-5 mm Hg 
e l e c t r o n s  t h e  surface w a s  washed s u c c e s s i v e l y  i n  ace tone  and methanol.  
r e p r e s e n t s  t h e  r e s u l t s  o f  t h e  first run;  curve b ) ,  t h e  r e s u l t s  of t h e  second and 
subsequent runs .  Note t h a t  t h e  a c t u a l  v a l u e s  of VSc  are n o t  d i r e c t l y  r e l a t e d  t o  
VSC i n  t h e  Vac-Ion system because t h e  geometry o f  t h e  second system l e a d s  t o  
somewhat d i f f e r e n t  l i g h t  i n t e n s i t i e s  a t  t h e  sample s u r f a c e .  However, t h e r e  is a 
s t r i k i n g  d i f f e r e n c e  between t h e  response of t h e  s u r f a c e  t o  i r r a d i a t i o n  i n  t h i s  
organic-vapor  contaminated ambient and i t s  behavior  i n  t h e  o r g a n i c  vapor free 
ambient provided by t h e  Vac-Ion system. 
any g r e a t  d i f f e r e n c e  between t h e  f irst  and subsequent i r r a d i a t i o n s .  
t h e  "annealing" o r  r ecove ry  o f  t h e  surface is moye s u b s t a n t i a l  and more r a p i d  than  
i n  t h e  organic-vapor f ree  vacuum. These  r e s u l t s  are e s s e n t i a l l y  t h e  same as  t h o s e  
r e p o r t e d  i n  o u r  l a s t  semiannual r e p o r t ,  except  t h a t  t h e  changes are not as g r e a t .  
I n  t h e  ear l ier  work, t h e  c u r r e n t  of bombarding e l e c t r o n s  w a s  g r e a t e r  (about  
5vA/cm2) and t h e  i n t e g r a t e d  f l u x  r e q u i r e d  t o  ach ieve  s a t u r a t i o n  was g r e a t e r  (about  
5000~ coul/cm2). 

p-Si s u r f a c e  
P r i o r  t o  exposure t o  t h e  

Curve a )  
vacuum of  t h e  Van de  Graaff machine. 

An a d d i t i o n a l  c o n t r a s t  is t h e  absence of 
Furthermore,  

F i g u r e s  5 ,  6 and 7 show t h e  resu l t s  o f  a similar se t  o f  i r r a d i a t i o n s  o f  
20 ohm-cm, n-Si.  Here a g a i n  t h e  first i r r a d i a t i o n  i n  t h e  10-8 mm Hg Vac-Ion 
vacuum l e a d s  t o  a l a r g e  change (Figure 5a )  by a factor o f  3 whereas t h e  second and 
subsequent  i r r a d i a t i o n s  (F igu re  5b) d id  no t  r e s u l t  i n  much change. Furthermore,  
t h e  amount o f  annea l ing  which occurred du r ing  t h e  20 hour rest between i r r a d i a t i o n s  
is n e g l i g i b l e .  When d r y  N2 was admitted t o  a p r e s s u r e  of 5u (F igu re  6 a ) ,  t h e  
r e sponse  dropped t o  about 0.7 o f  i t s  va lue  i n  t h e  10-8 mm Hg 
l e d  t o  a g radua l  increase of VSC 
had i n  t h e  high vacuum. 

vacuum. I r r a d i a t i o n  
u n t i l  it s a t u r a t e d  a t  about  t h e  same va lue  a s  it 

I r r a d i a t i o n  i n  t h e  Van de Graaff vacuum (10-5 mm Hg) a g a i n  l e d  t o  a dramatic  
d i f f e r e n c e  i n  behavior  as shown i n  Figure 7 .  The response decayed s u b s t a n t i a l l y  
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(by a f a c t o r  of 1 0 )  a f te r  10001~ coul/cm2 and had n o t  a s  y e t  s a t u r a t e d .  
t h e  20 hour  res t ,  t h e  s u r f a c e  recovered v i r t u a l l y  a l l  of i ts  response  and t h e  
second i r r a d i a t i o n  d i d  no t  cause a s  g r e a t  a dec rease  i n  

During 

Vsc. 

F igures  8 ,  9 and 1 0  p r e s e n t  t h e  same sequence o f  i r r a d i a t i o n s  f o r  a 
1 ohm-cm, n-Si s u r f a c e .  I n  t h i s  case, i r r a d i a t i o n  produced an i n c r e a s e  i n  Vsc 
(a dec rease  i n  s )  i n  a l l  t h r e e  ambients.  
i n  t h e  h igh  vacuum (lo-* mm Hg) whi le  t h e  l a r g e s t  change ( a  f a c t o r  of 6 )  occur red  
i n  t h e  Van d e  Graaff vacuum. The s a t u r a t i o n  va lue  of  VSC i n  t h e  organic-vapor  
free vacuum was d i f f e r e n t  i n  t h e  h igh  vacuum case (F igure  8 )  than  i n  t h e  c a s e  of 
i r r a d i a t i o n  i n  a d r y  n i t rogen  ambient (F igu re  9 ) .  

The smallest change (about  20%) occurred  

F igu res  11, 12 and 1 3  show t h e  r e s u l t s  o f  t h e  same sequence of i r r a d i a t i o n s  
for  a 50 ohm-cm, n-Si s u r f a c e .  I n  a l l  t h r e e  ambients  VSc first increased  and 
a f te r  a t t a i n i n g  a maxi.mum which was about a f a c t o r  o f  2 greater than  its i n i t i a l  
va lue  it decreased  u n t i l  s a t u r a t i o n  had set i n  a f t e r  about 10001~ coul/cm2. I n  t h i s  
case a g a i n  t h e  recovery  dur ing  t h e  r e s t  pe r iod  is g r e a t e s t  f o r  t h e  sample i r r a d i a t e d  
i n  t h e  Van de  Graaff vacuum. 

V I .  Discuss ion  of R e s u l t s  

Probably t h e  most important  r e s u l t  of t h e  i r r a d i a t i o n  i n  t h e  organic-vapor 
f ree  vacua i s  t h e  high degree of s t a b i l i t y  wi th  t ime and exposure t o  f l u x  which is 
achieved  f o r  t h e  s i l i c o n  s u r f a c e s  s t u d i e d  he re  a f t e r  the i n i t i a l  i r r a d i a t i o n .  The 
s t a b l e  va lue  a t t a i n e d  a f t e r  exposure t o  about  1015 electrons/cm2 was h ighe r  t han  t h e  
i n i t i a l  va lue  o f  a f r e s h  s u r f a c e  i n  a l l  cases except  t h e  50 ohm-cm n-Si case. 
Th i s  r e s u l t  sugges t s  t h a t  it is p o s s i b l e  t o  s t a b i l i z e  t h e  surface recombinat ion --- 
v e l o c i t y  of s i l i c o n  dev ices  sea l ed  i n  a high-<acuum by con t inuous ly  exDosinq them --- -- t o  i o n i z i n g  r a d i a t i o n  l i k e  t h a t  provided by r a d i o i s o t o p e s .  
res i s t iv i t ies  t h e  s a t u r a t i o n  va lue  of s 
so t h a t  t h e  ope ra t ing  c h a r a c t e r i s t i c s  of t h e  dev ices  would be s u p e r i o r  t o  t h o s e  o f  
d e v i c e s  n o t  sub jec t ed  t o  t h i s  low l e v e l  i r r a d i a t i o n .  
about  1015 e l e c t r o n s  cm2 are needed t o  induce t h i s  s t a b i l i z e d  s u r f a c e .  S ince  1 c u r i e  
cor responds  t o  3 x 1010 d i s i n t e g r a t i o n s / s e c ,  t h i s  means t h a t  i f  t h e  device  is exposed 
t o  a c u r i e  o f  say  t r i t i u m  for  105 sec  (about  2 days )  it w i l l  have a t t a i n e d  i ts  s t a b l e  
va lue .  

----I__________ 

--- ------ 
Furthermore f o r  most 

is lower  than  i n  t h e  p r e - i r r a d i a t e d  s t a t e  

The experiments  i n d i c a t e  t h a t  

The s t a b i l i t y  achieved by t h e  s u r f a c e  i n  t h e  h igh  vacuum environment a l s o  means 
t h a t  s t u d i e s  of bulk damage could proceed i n  t h i s  h igh  vacuum with r e l a t i v e l y  l i t t l e  
i n t e r f e r e n c e  from t h e  s u r f a c e  e f f e c t s  of r a d i a t i o n .  I n  p a r t i c u l a r ,  t h e  technique  
based on t h e  pho tovo l t a i c  effect  a s s o c i a t e d  with s t r o n g l y  absorbed l i g h t  could be 
adapted  t o  t h e  s tudy  o f  r a d i a t i o n  damage t h r e s h o l d s  and e s p e c i a l l y  o r i e n t a t i o n  e f f e c t s .  

Presumably t h e  reason  f o r  t h i s  s t a b l e  s t a t e  i n  t h e  hHgh vacuum is t h e  removal 
from t h e  env i rons  o f  t h e  surface of subs tances  whose p resence  on t h e  s u r f a c e  causes  
l a r g e  changes i n  s. T h i s  means t h a t  t h e  r e s i d u a l  gases  i n  an organic-vapor f r e e  
vacuum are no t  very  e f f e c t i v e  i n  c o n t r o l l i n g  s. Th i s  conc lus ion  is  supported by 
t h e  fact  t h a t  t h e  a d d i t i o n  of N2 t o t h e m b i e n t  even a t  a p r e s s u r e  of mm Hg 
d i d  n o t  have much e f f e c t  on t h e  s t a b i l i t y  a t t a i n e d  a f t e r  r e l a t i v e l y  low i n t e n s i t y  

I___--_ 

--- - 
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i r r a d i a t i o n s  and by t h e  fact  t h a t  i r r a d i a t i o n  i n  t h e  Van de  Graaff vacuum l e d  t o  
more r a p i d  changes i n  s. 

Since  t h e  s u r f a c e s  are not a tomica l ly  c l e a n ,  it is  reasonab le  t o  suppose t h a t  
t h e  i n i t i a l  i r r a d i a t i o n  causes a r e d i s t r i b u t i o n  of adsorbed atoms on t h e  s u r f a c e  and 
t h a t  subsequent i r r a d i a t i o n s  do no t  have much effect  on t h i s  new d i s t r i b u t i o n .  
w e l l  known, t h e  surface recombination v e l o c i t y  can change e i t h e r  because t h e  surface 
p o t e n t i a l  
Changes i n  surface p o t e n t i a l  a l t e r  t h e  p o s i t i o n  of t h e  Fermi l e v e l  w i th in  s u r f a c e  
space cha rge  l a y e r .  
a t  t h e  i n t e r f a c e  between t h e  oxide and t h e  main body of t h e  c r y s t a l .  
s ta tes  are t h e  recombination s i t e s .  I r r a d i a t i o n  can change t h e  number and n a t u r e  of 
t h e s e  recombination s ta tes ,  bu t  it can a l s o  change t h e  s u r f a c e  p o t e n t i a l  by changing 
t h e  popu la t ion  of adsorbed atoms. It is d i f f i c u l t  t o  d i s t i n g u i s h  between changes i n  
surface p o t e n t i a l  and changes i n  t h e  numbers o r  n a t u r e  of recombination c e n t e r s  on 
t h e  b a s i s  of t h e  experiments performed t o  d a t e .  
it w i l l  be necessa ry  t o  perform some experiments i n  which w e  w i l l  a l t e r  
app ly ing  a f i e l d  i n  t h e  v i c i n i t y  of t h e  s u r f a c e .  If JlS is v a r i e d  f o r  s u r f a c e s  
before and a f t e r  i r r a d i a t i o n ,  comparison o f  s v s  $s curves  f o r  t h e  t w o  cases w i l l  
e s t a b l i s h  whether t h e  recombination c e n t e r  popu la t ion  was changed by t h e  i r r a d i a t i o n  
or  whether t h e  changes can be explained e n t i r e l y  i n  terms o f  

As is  

$s h a s  changed or  because t h e  number o f  recombination c e n t e r s  h a s  changed. 

T h i s  l e a d s  t o  a change i n  t h e  occuppancy of t h e  "fast states" 
These f a s t  

In  o r d e r  t o  make t h i s  d i s t i n c t i o n ,  
Jls by 

Jls changes. 

As r e g a r d s  t h e  experiments i n  t h e  Van de  Graaff vacuum, t h e y  demonstrate  t h a t  
t h e  r e s i d u a l  g a s e s  p l a y  an  important role  i n  determining 
i n  t h e  two ambients i s  t h e  presence i n  t h e  Van de  Graaff vacuum 0.f r e s i d u e s  of o rgan ic  
vapors  a s s o c i a t e d  wi th  neoprene g a s k e t s  and d i f f u s i o n  pump o i l .  These r e s u l t s  
sugges t  t h a t  e x t r a p o l a t i o n s  based on i r r a d i a t i o n  experiments i nvo lv ing  s u r f a c e  
effects performed i n  such vacua t o  t h e  behavior  o f  d e v i c e s  i n  t h e  vacuum o f  o u t e r  
space can  l e a d  t o  erroneous conclusions.  

s .  One. obvious d i f f e r e n c e  

V I I .  Conclusions 

1. There are e s s e n t i a l  d i f f e r e n c e s  i n  t h e  e l e c t r o n  bombardment induced changes 
i n  s u r f a c e  recombination v e l o c i t y  of s i l i c o n  s u r f a c e s  i r r a d i a t e d  i n  organic-vapor  
contaminated ambients and i n  ambients from which o r g a n i c  vapors  have been excluded. 
Dry n i t r o g e n  added t o  an organic-vapor f ree  ambient does no t  cause  any s i g n i f i c a n t  
change i n  t h e  s u r f a c e  r a d i a t i o n  e f f e c t s  even though t h e  p r e s s u r e  i s  a few microns.  

2.  The s u r f a c e s  of a l l  t h e  s i l i c o n  specimens examined i n  t h e  cour se  of t h i s  
i n v e s t i g a t i o n  changed i n  such a way a s  t o  dec rease  s u r f a c e  recombination v e l o c i t y  
s. These materials included 1, 20 and 50 ohm-cm n-Si and 20 ohm-cm p-Si  s u r f a c e s .  

3 .  There was a s u b s t a n t i a l  d i f f e r e n c e  between t h e  e l e c t r o n  f l u x  dependence - -  

of s dur ing  t h e  first i r r a d i a t i o n  and a l l  subsequent i r r a d i a t i o n s  i n  t h e  h igh  
vacuum, organic-vapor f ree  ambient.  Th i s  w a s  t r u e  even though t h e  samples had been 
hea ted  t o  about 100°C i n  a pre-pumping bake-out. 
b e h a v i o r  i s  t h a t  t h e  f i rs t  i r r a d i a t i o n  produces cer ta in  i r r e v e r s i b l e  changes i n  t h e  
d i s t r i b u t i o n  of atoms adsorbed on t h e  s u r f a c e  and t h a t  t h e  new d e s t r i b u t i o n  is 
r e l a t i v e l y  s t a b l e  i n  an organic-vapor f r e e  ambient. 

A p o s s i b l e  exp lana t ion  €or t h i s  
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4. The i r r a d i a t i o n  produced changes i n  s a n n e a l  ve ry  s lowly  i n  o rgan ic -  

vapor free vacua. Thus i r r a d i a t i o n  i n  such vacua l e d  t o  s t a b i l i z a t i o n  of s. 

VIII. Fu tu re  P lans  

During t h e  remaining p e r i o d  o f  t h i s  i n v e s t i g a t i o n ,  w e  s h a l l  i r r a d i a t e ,  i n  t h e  
organic-vapor free h igh  vacuum, s u r f a c e s  on o t h e r  s i l i c o n  r e s i s t i v i t i e s .  
t i c u l a r ,  w e  s h a l l  s tudy  t h e  effect of i r r a d i a t i o n  on t h e  d i f f u s e d  f a c e s  of s i l i c o n  
n/p and p/n s u r f a c e s  i n  t h i s  ambient. We a l s o  hope t o  compare t h e  effects  of 
r a d i a t i o n  on a G e  
vacua. 
v e l o c i t y  on s u r f a c e  p o t e n t i a l  for  
induced changes i n  Jls and i n  t h e  recombination c e n t e r  popu la t ion .  

I n  pa r -  

s u r f a c e  i n  t h e  o rgan ic  vapor-free and o r g a n i c  vapor contaminated 
If time p e r m i t s ,  we s h a l l  s tudy t h e  dependence o f  s u r f a c e  recombination 

S i  i n  o r d e r  t o  d i s t i n g u i s h  between r a d i a t i o n  
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Figure  1: 

Figure  2: 

F igure  3 :  

Figure  4: 

F igure  5: 

F igure  6: 

F igure  7:  

Figure  8 :  

Figure  9: 

Schematic diagram of t h e  chamber used for  i r r a d i a t i o n  of samples i n  
t h e  Vac Ion vacuum 

The pho tovo l t a i c  vo l t age  a c r o s s  a " shor t ing  r e s i s t o r "  of l O O R  Vsc 
i n  a r b i t r a r y  u n i t s  as a func t ion  o f  115 keV e l e c t r o n  f l u x  for  t h e  
surface of 20 ohm-cm p-Si. 
chromatic l i g h t  o f  
free vacuum o f  10-8 mm Hg 
corresponds t o  t h e  first run on a f r e s h l y  c leaned  s u r f a c e .  Curve ( b )  
corresponds t o  a second run  t aken  a f t e r  t h e  c e l l  r e s t e d  i n  vacuum f o r  
about  20 hours .  Subsequent r u n s  y i e l d e d  cu rves  similar t o  curve  ( b ) .  

The s u r f a c e  is i l l umina ted  by mono- 
X = 36508. The sample was i n  an organic-vapor  

produced by a Vac-Ion Pump. Curve ( a )  

Vsc v s  4 (115 keV e l e c t r o n s )  fo r  s u r f a c e  of 20 ohm-cm i r r a d i a t e d  
i n  a d r y  n i t r o g e n ,  organic-vapor  f ree  ambient ( p  - 5 x mm Hg curve  
a 

p-Si 

and p - 3 x 10-2 mm Hg curve  b) 

V,, v s  + (115 keV e l e c t r o n s )  f o r  t h e  s u r f a c e  o f  20 ohm-cm 
r a d i a t e d  i n  t h e  vacuum provided by t h e  o i l  d i f f u s i o n  pumps and co ld  
t r a p s  of t h e  Van de Graaff pumping system. 
t h e  first run  on a clean surface; curve  ( b )  t o  t h e  second and sub- 
sequent  runs .  

p-Si ir- 

Curve ( a )  cor responds  t o  

Same as Figure  2 except  t h a t  t h e  s i l i con  is n-type,  p = 20 ohm-cm. 

Same as Figure  4 except  t h a t  t h e  s i l i c o n  is n-type,  p = 20 ohm-cm. 

Same as Figure  4 except  t h a t  s i l i c o n  is  n-type,  p = 20 ohm-cm. 

Same as Figure  2 except  t h a t  s i l i c o n  is n-type,  p = 1 ohm-cm. 

Same as Figure  3 except  t h a t  s i l i c o n  is n-type,  p = 1 ohm-cm. 

F igu re  10 :  Same as Figure  4 ,  except  t h a t  s i l i c o n  is  n-type, p = 1 ohm-cm. 

F igu re  11: Same as Figure  2 except  t h a t  s i l i c o n  is  n-type,  p = 50 ohm-cm. 

F igu re  12: Same as Figure  3 except  t h a t  s i l i c o n  i s  n-type, p - =  50 ohm-cm. 

F igure  13: Same as Figure  4 except  t h a t  s i l i c o n  is  n- type,  p = 50 ohm-cm. 
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